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Abstract
Interurban accessibility is proposed as a new driver-oriented highway performance measure that 
indicates ease of access to a destination on interurban expressways connecting hub cities. This study
develops a method for estimating the proposed measure based on a driver-utility approach. Through a 
numerical example, how to determine the planning level of the proposed measure is demonstrated in 
comparison with a required level of quality of traffic service.
Keywords: Quality of traffic service, Interurban accessibility, Utility-based evaluation, Driver perception 
1 Introduction
Developing driver-oriented highway performance measures is the key to performance-based 
highway design. Highways should be designed so that an appropriate performance measure 
corresponding to major highway functions can achieve a required level of quality of traffic service.
Quantitative assessments of performance measures need to evaluate the achieved level of performance 
as compared with the required level. Various measures have been proposed, such as overall travel 
speed, target travel speed, travel time, traffic safety, traffic density, congestion, freedom to maneuver, 
and driving comfort and convenience (HRB, 1965; TRB, 1985; FGSV, 1988). However, it is unclear 
how existing performance measures relate to driver perceptions of the quality of traffic service.
This study focuses on ease of access to destinations as a new driver-oriented performance measure 
under various driving conditions on interurban expressways connecting hub cities. This measure
indicates the ease of maintaining vehicle speed near a target travel speed while maintaining a constant
headway in the lane. We hereinafter refer to this measure as “interurban accessibility.” Interurban 
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accessibility can be expressed as the sum total of utility that each driver perceives from smooth and 
safe traffic flow at each point in interurban expressway lanes.
The objectives of this study are twofold. One objective is to develop an estimation method for 
interurban accessibility based on driver utility as proposed by Kita et al. (2014). Their experimental 
results indicate that our proposed measure more appropriately describes driver perceptions of the 
quality of traffic service than do previously proposed performance measures. The other objective is to 
demonstrate how to use interurban accessibility to determine the planning level of the performance 
measure in comparison with a required level of quality of traffic service.
2 Literature Review
Identifying the quality of traffic service perceived by drivers has been of great concern in previous 
studies. Kita (2000) showed that when estimating driver perception from driving behavior with utility 
maximization, driving utility as perceived by the drivers was an effective measure of quality of traffic 
service. Nakamura et al. (2000) showed that traffic flow rate, number of lane changes, and elapsed 
time of car-following most strongly affected the degree of satisfaction that drivers perceived. From 
focus groups, Hall et al. (2001) showed that travel time, traffic density and maneuverability, road 
safety, and traveler information had the greatest effect on the quality of traffic service. From video 
experiments, Choocharukul et al. (2004) found that traffic density was a suitable simple performance 
measure from among various measures. Using in-field surveys, Washburn et al. (2004) showed that 
traffic density appeared to be a primary factor in driver-perceived quality of traffic service, though the 
drivers considered three or more factors to be important. In the present study, method is developed for 
estimating interurban accessibility according to the utility-based evaluation approach (Kita, 2000) 
mentioned above. 
3 Model of Highway Performance Measure
3.1 Prerequisites 
Interurban-highway performance measures should adequately assess the smoothness and safety of
traffic flow. At a minimum, interurban accessibility must adequately consider the following:
1. Actual travel times as compared to target travel times
2. Driving safety
3. Differences in travel distance
3.2 Modeling the interurban accessibility measure
In modeling the interurban accessibility measure, the level of interurban accessibility decreases as 
travel time between hub cities increases or as freedom to maneuver decreases because of congestion 
and delays. Hence, our model of interurban accessibility assumes a target travel time, defined as the 
travel distance divided by the target travel speed, so interurban accessibility is presumed to increase 
with travel speed. In addition, Kita and Kouchi (2011a) showed that perception structures of 
interurban accessibility are momentarily formed by accumulating perceived values. Hence, our model 
involves both average and minimum point-based utilities in microscopic driving environments, so that 
accident risks contingent on speed can be considered for each point-based utility. Moreover, 
accumulation of point-based utilities between hub cities is considered to exert a decisive influence on 
the level of interurban accessibility. Driver memory is assumed to decay over elapsed driving time.
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Hence, accumulated point-based utilities are multiplied by a time discount factor, so that average 
point-based utilities are obtained to average the discounted point-based utilities.
From the above, we propose the following model of interurban accessibility: 
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A : Interurban accessibility
1M , 2M , 3M , 4M : Parameters
d : Travel distance between hub cities
goalv : Target travel speed
tV : Point-based utility at point t
minV : Minimum point-based utility
T : Total number of points between hub cities,
i : Time discount rate
Kita and Kouchi (2011a) have already proposed a model of the point-based utility at point t, tV in 
equation (1). The point-based utility model was represented by incorporating an order effect into the
instant utility at point t. Here, the order effect means that the instant utility for the driving environment 
at an arbitrary point is affected by the order of change from the driving environment at just the last 
point. The point-based utility model is an aggregation model consisting of the instant utility model in 
relation to the order effect. 
The point-based utility model is expressed as 
3
1
21 )( III  tttt UUUV , (2)
1I , 2I , 3I : Parameters
tU : Instant utility at point t
Kita (2000) assumed that drivers maximize utility at each point in a microscopic driving 
environment that varies from point-to-point on the highway. Kita and Kouchi (2011a) identified 
perceived utility on the basis of a discrete-choice model, and showed that probability distributions of 
spot speed and space headway based on observed data could be accurately fitted into frequency 
distributions generated using the point-based utility model.
The instant utility model is expressed as 
|| od ttt vvLU  PO , (3)
O , P : Parameters
tL : PICUD at point t [m]
dv : Desired running speed [m/s]
tvo : Vehicle speed at point t [m/s]
In equation (3), the first term on the right-hand side indicates the collision risk of one through 
vehicle against another at the front or rear side in a same or adjacent lane. PICUD (possibility index 
for collision with urgent deceleration) is a measure of collision risk (Uno et al., 2002). The second 
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term indicates the degree of discrepancy between the desired and actual vehicle speeds at an arbitrary 
point. 
3.3 Correspondence between the prerequisites and the model
In equation (1), the first term on the right-hand side indicates the target travel time, corresponding
to prerequisite 3. The second and third terms indicate degree of disutility in comparison with smooth 
and safe traffic flow, and correspond to prerequisites 1 and 2. 
Hereinafter equation (1) is referred to as the interurban accessibility estimation model.
4 Estimation of the Model
4.1 Data collection
Identification of the interurban accessibility estimation model requires collection of data pertaining 
to both Vt and A in order to estimate the model parameters that have strong correlation with both 
variables. In this study, those data are collected through the driving simulation experiment described
in Table 1.
In the experiment, the target road section is a straight expressway section with two lanes in each 
direction, under nine patterns of travel distances and traffic conditions. After driving on a pair of 
sections with different patterns, participants indicate their preference as to which section provided
easier access to the destination. In the experimental design, three levels each of four factors (travel 
distance, target travel speed, congested section, and traffic volume) are examined. The levels are 3, 6,
and 9 km for travel distance; 70, 80, and 90 km/h for target travel speed; beginning, middle, and end 
for congested section; and 1000, 2000, and 4000 vehicles/h for traffic volume. Of the 81 possible 
combinations of factor and level, the nine combinations shown in Table 2 are chosen by the 
orthogonal array method to meet the degree of coverage in the experimental design. 
In the driving simulator, simulated vehicles surround the participant’s vehicle, which starts with an 
initial speed of 80 km/h, and are not necessarily operated according to the utility maximization 
described by equations (2) and (3). However, simulated vehicles properly decelerate and accelerate 
while avoiding collisions, even when there is traffic congestion due to the factors shown in Table 2. 
Each participant may have a distinct target travel speed. To prevent such differences, we present 
participants with the activity plan shown in Table 3. Participants can use this plan to determine the
time required to reach their destination, thereby determining the speed they should target based on the 
travel distance. 
To estimate the model, data for A must be collected. This study employs a binary logit model with 
regard to A. Comparing pairs of road sections with different patterns, each participant chooses which 
section is preferred from the viewpoint of ease of access.
4.2 Procedure
The data collection procedure is as follows.
a. The experimenter tells each participant the travel distance and target travel speed.
b. For the first road section, the participant drives to the destination in traffic conditions of
congestion or non-congestion.
c. The participant indicates the degree of disutility on a scale of 0 (high utility) to ï10 (low 
utility) for each 5-s run subsequent to each 30-s run in the first road section.
d. For the second road section, the participant drives to the destination under traffic conditions
of congestion or non-congestion.
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e. The participant indicates the degree of disutility on a scale of 0 (high utility) to ï10 (low 
utility) for 5-s runs subsequent to each 30-s run in the second road section.
f. The participant chooses which of the first or second sections they would select in a future trip.
Table 1: Summary of driving simulation experiment.
Item Description
Target section
y 9 patterns with different travel distances and traffic conditions
y 3 levels of travel distances (3, 6, 9 km)
y 2 traffic conditions (congestion, non-congestion)
y Straight sections in expressway with two lanes in each direction
Participants y 10 people in their 20s (8 men, 2 women)
Data obtained
y Pairwise comparison matrix of the degree of ease of access among 3 
cases of travel distance.
y Point-based utility for subsequent 5-s runs after every 30-s run in each of 
9 patterns (11,157 samples over all participants) 
y Spot speed and driving behavior of each vehicle
y Space headways to other vehicles at the front or rear side of one vehicle 
in the same or adjacent lanes
Table 2: Experimental design.
Number Travel distance
[km]
Target travel speed
[km/h]
Section where traffic
congestion occurs
Traffic volume
[vehicles/h]
1 3 70 Beginning 1,000
2 3 80 Middle 2,000
3 3 90 End 4,000
4 6 70 Middle 4,000
5 6 80 End 1,000
6 6 90 Beginning 2,000
7 9 70 End 2,000
8 9 80 Beginning 4,000
9 9 90 Middle 1,000
Table 3: Presented activity plan.
Time Scheduled activity
14:00 Depart from home
14:30–15:00 Shop at destination (shopping time: 30 min).
15:00 Depart from the destination
15:30 Return home with a purchase by no later than this time
Note: The same conditions are assumed for the return trip.
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The point-based utility tV is assessed on a scale of 0 (high utility) to ï10 (low utility) according to 
the degree of disutility. Figures 1 and 2 show examples of participant-selected scenarios where tV
equals 0 and where tV equals –10, respectively.
Let the interurban accessibilities of the first and second road sections be 1A and 2A and the choice 
probabilities of 1A and 2A be 1P and 2P , respectively. These are described as
)exp(1
1
12
1
AA
P

 , 12 1 PP  . (4)
Figure 1: Driving simulation where point-based utility equals 0.
Figure 2: Driving simulation where point-based utility equals ï10.
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4.3 Estimation results
Table 4 shows the results of parameter estimation in equation (1), based on the maximum 
likelihood estimation method. The time discount rate i is set as 0.01 in equation (1), and the minimum 
point-based utility minV is obtained from }1|min{min TtVV t   .
Table 4 shows that the interurban accessibility estimation model in equation (1) accounts for the 
degree of ease of access that drivers perceive in highway sections. This is because the model 
parameters are statistically significant at the 1% level, meet the sign condition, and have relatively 
high likelihood ratios.
4.4 Comparative review with existing measure
To make a comparative review of an existing highway performance measure and the proposed 
measure, we focus on travel speed as the existing representative measure. The travel speed is 
substituted for tvo in equation (3). By using tU , which considers both dv and tvo in the equation, vA
can be described as a measure of the influence of tL removed from A in equation (1). To make a
comparative review of vA and tvo , parameters of the following equation are estimated:
ED  tv vA o , (5)
vA : A considering dv and tvo except tL
D , E : Parameters
tvo : Vehicle speed at point t [m/s]
Table 5 shows the results of parameter estimation in equation (5) and confirms that interurban 
accessibility can better describe driver perception than can the existing representative performance 
measure, because the likelihood ratio is relatively high. 
Table 4: Estimated results in equation (1).
Coefficient 1M 2M 3M 4M
Estimated value –33.16 0.16 0.25 5.40
t-statistic –11.63 * 2.63 * 3.47 * 9.47 *
Likelihood ratio 0.445
Note: Asterisks indicate coefficients that are significantly different from zero at the 1% level.
Table 5: Estimation results from equation (5).
Coefficient D E
Estimated value 0.068 -3.725
t-statistic 10.279 * -10.270 *
Likelihood ratio 0.313
Note: Asterisks indicate coefficients that are significantly different from zero at the 1% level.
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5 Assessment Compared with a Required Level
5.1 Method
This study proposes a method for assessing the planning level of performance measures by means 
of an interurban accessibility estimation model, as compared with a required level of quality of traffic 
service. We therefore utilize exceedance probability of a probability distribution function regarding 
interurban accessibility. Note that, regarding traffic management and control through the use of a
highway performance measure, it is believed to be better to apply data from roadside continuous-
traffic-monitoring devices. Therefore, this study proposes a method for assessing interurban 
accessibility by examining traffic volume, which is easy to observe at each device.
Before assessing the planning level of the measure as compared with the required level, the 
distribution of the interurban accessibility measure must be particularized. Figure 3 shows a flowchart 
for specifying the distribution of a measure. The procedure shown in Fig. 3 requires a probability 
distribution of instant utility and a probability distribution of difference in instant utility between two 
points. The former requires distributions of time headway and spot speed, and the latter requires 
microscopic driving environments such as space headway that each driver perceives. Both the former 
and the latter require data on traffic volume and travel distance. The travel distance here means a given 
highway distance between hub cities. The distributions of the time headway and spot speed are 
affected by traffic characteristics such as road gradient and large-vehicle mix rate, in addition to the 
traffic volume. Figure 3 lets these traffic characteristics be R, which is not explicitly treated here.
Figure 3: Flowchart for assessing the performance measure using traffic-monitoring data.
Traffic volume 䠈Travel distance 䠈Traffic characteristics     
Time headway distribution,
Spot speed distribution
Instant utility 
model with
copula generation
Distribution of
instant utility                   
Micro-simulation
Microscopic driving environments
e.g. “perceived space headway”
Distribution of
difference in instant             
utilities between
two points
Monte Carlo simulation
Point-based utility        for each point
Interurban accessibility
evaluation model
Probability distribution function of
interurban accessibility                                                       
Value of performance measure                 
Point-based utility
evaluation model
)( Uf '
)( tUf
q d R
),,:( RdqAf
),,( RdqA
tV
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The following describes the procedure shown in Fig. 3. 
Firstly, assuming that the distribution of the time headway and that of the spot speed can be 
approximated by a log-normal distribution and a normal distribution, respectively, data on both the 
time headway and the spot speed are generated. Kita et al. (2014) showed acceptable results of testing 
the goodness-of-fit to traffic monitoring data in both distributions, despite conditions giving rise to 
free-flow and congested-flow states. In Fig. 3, identification of both distributions is conducted using a 
traffic micro-simulation that generates traffic flow with traffic volume q on an interurban expressway 
with travel distance d and traffic characteristics R.
Secondly, assuming that the distribution of the instant utility and that of the difference in instant 
utility between two neighboring points can be approximated by a shifted log-normal distribution and a 
Cauchy distribution, respectively, data on both the instant utility and the difference in instant utility 
between two points are generated. Kita and Kouchi (2011b) showed acceptable results of testing the 
goodness-of-fit to data generated by t-copula in both distributions. The copula function can deal with 
dependence structures within each marginal distribution. Let tv o and th be the spot speed of a
forward vehicle at point t and the space headway toward a forward vehicle at point t , respectively. 
Let )( oo tv vF , )( oo tv vF  , and )( th hF be marginal distribution functions of tvo , tv o , and th ,
respectively, and ),,( oo ttt hvvF  to be a joint distribution function of )( oo tv vF , )( oo tv vF  , and )( th hF .
The relation between the joint distribution function and the marginal distribution functions is 
described using copula function C as follows:
 )(),(),(),,( oooo oo thtvtvttt hFvFvFChvvF   , (6)
where random vector ),,( 321 xxx is generated as  )(),(),(),,( 3-12-11-1321 oo xFxFxFFxxxC hvv  .
Substituting these into equation (3), the distribution of the instant utility can be derived because tL is 
defined using tvo , tv o , and th . Through a traffic micro-simulator that can generate microscopic 
driving environments such as space headway, the distribution of the difference in instant utility 
between two points can be derived using both the instant utility data randomly generated according to
the distribution and the space-headway data obtained by the simulation. 
Thirdly, according to the point-based utility model described by equation (2), the number of point-
based utilities for each point is generated based on Monte Carlo simulation employing both the 
distribution of the instant utility and that of the difference in instant utility between two points. 
Finally, a distribution of the interurban accessibility can be obtained from the interurban 
accessibility estimation model described in equation (1). Here, as a representative of this distribution,
value A defined by equation (7) is considered a planning level of the performance measure.
85.0)Pr(  d AA . (7)
This value means a critical value indicating an exceedance probability of 85% in the distribution of 
A .
5.2 Numerical example
The planning level of interurban accessibility is analyzed using the data shown in Table 6. The 
traffic volume observed is 660 vehicles, including 127 large vehicles, and the average and standard 
deviation of observed spot speeds are 94.9 km/h and 12.4 km/h, respectively.
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Estimated distributions of the instant utility )( tUf and the difference in instant utility between 
two points )( Uf ' are
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Table 6: Summary of observed data.
Item Description
Road surveyed
y Tohoku Expressway, Japan.
y Straight section of 2.4 km with two lanes in each direction.
Type of data
y Pulse traffic data from a loop vehicle detector at the 91.8 km post in the 
downstream direction of the lane.
Date and time y 14:20 to 15:10 on August 18, 1995.
Data obtained
y Time of passage through the detector [s]
y Type of vehicle [large, small]
y Spot speed [0.1 km/h]
y Length of vehicle [m]
y Space headway [m]
y Time headway [0.1 s]
Figure 4: Numerical example of the planning level of the performance measure.
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The estimated equation of interurban accessibility is 
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Figure 4 illustrates the occurrence probability of the interurban accessibility based on equation (10). 
As that figure shows, the planning level A that can guarantee an exceedance probability of 85% with 
regard to quality of traffic service is calculated as 1.98. 
6 Conclusions
We proposed interurban accessibility as a new driver-oriented highway performance measure and
developed an interurban accessibility estimation model for determining the planning level of this 
performance measure. We confirmed that the proposed measure can better describe driver perception 
than can existing measures such as travel speed. Consequently, we believe that performance-based 
highway design considering data obtained from vehicle detectors is possible by considering interurban 
accessibility as the performance measure. 
Some issues remain for future work. Although our proposed measure reflects driver-perceived 
traffic safety, objective data such as the number of traffic accidents is not considered. The point-based 
utility model explicitly involves both the safety and disutility that each driver perceives. However, 
driver feelings regarding accident risk are not always equivalent to the actual degree of risk. The 
proposed measure requires modification to incorporate objective accident risks. 
Highway administrators need an easy-to-use calculation formula regarding performance measures
in order to momentarily and continuously monitor highway performance using data from vehicle 
detectors. Although different from the procedure described in this paper, another procedure may be 
useful for directly estimating representative values of interurban accessibility through representative 
values of both point-based utility and instant utility based on aggregated traffic data. To acquire 
representative values such as average value, this aggregative procedure requires repeated replication of 
the distributions of the instant utility under various traffic conditions. Depending on the aggregative 
procedure, it may be easy for highway administrators to prepare an easy-to-use calculation formula 
regarding the performance measure. We will address these issues in future works.
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